The peroxisome, an ubiquitous subcellular organelle, plays an important function in cellular metabolism, and its importance for human health is underscored by the identification of fatal disorders caused by genetic abnormalities. Recent findings indicate that peroxisomal dysfunction is not only restricted to inherited peroxisomal diseases but also to disease processes associated with generation of inflammatory mediators that downregulate cellular peroxisomal homeostasis. Evidence indicates that leukodystrophies (i.e. X-linked adrenoleukodystrophy, globoid cell leukodystrophy, and periventricular leukomalacia) may share common denominators in the development and progression of the inflammatory process and thus in the dysfunctions of peroxisomes. Dysfunctions of peroxisomes may therefore contribute in part to white matter disease and to the mental and physical disabilities that develop in patients affected by these diseases.
P eroxisomes are subcellular organelles widely present in eukaryotic cells that play important metabolic roles in the synthesis of myelin lipid plasmalogens (ether phospholipids), the catabolism of fatty acids (very-long-chain fatty acids, phytanic acid/ branched-chain fatty acids, dicarboxylic acids, eicosanoids derived [prostaglandins, thromboxanes, leukotrienes, hydroxyeicosatetraenoic acids]) by a set of b-oxidation reactions, 1,2 and detoxification of oxidase-produced hydrogen peroxide ( Figures 1A-C ). 4 Based on peroxisomal protein content in the cell and on the many oxidases it contains, 5 peroxisomes can metabolize as much as 20% of cellular oxygen, 1, 6 converting most of it to hydrogen peroxide. Hence, peroxisomal oxygen metabolism contributes significantly to overall cellular oxygen consumption and hydrogen peroxide production. 1, 6 However, the peroxisomal enzyme catalase detoxifies hydrogen peroxide to water and molecular oxygen. 2 Lack of detoxification of hydrogen peroxide in peroxisomes as a result of absence of catalase targeting to peroxisomes (catalase-negative peroxisomes) was described in patients with progressive developmental delay, micronodular cirrhosis, and elevated very-long-chain fatty acids in plasma and skin fibroblasts. 7 Moreover, inherited abnormalities in peroxisomal b-oxidation such as X-adrenoleukodystrophy lead to progressive inflammatory demyelinating disease ( Figure 1D ). 8 In addition to catabolic and detoxifying functions, peroxisomes participate in the synthesis of important membrane structural components such as plasmalogens, long-chain alcohol, and n-3/n-6 polyunsaturated fatty acids. 2 Therefore, peroxisomes have the potential to not only regulate the bioavailability of important intermediates of inflammation and oxygen metabolism but also to provide structural components of myelin membranes in the central and peripheral nervous system as well as of others organs' cell membranes. Figure 1 . Peroxisomes, peroxisomal pathways, and white matter disease. Morphology of catalase-stained liver peroxisomes (A); b-oxidative pathway for degradation of very-long-chain fatty acids, hydrogen peroxide generation, and detoxification by catalase (B); and initial reactions of plasmalogens synthesis in peroxisomes (C). Course of progression of demyelination in the occipital region (arrows) of a brain affected with the severe form of adrenoleukodystrophy, as seen by magnetic resonance imaging (D). Images were obtained at patient age 7 (a), age 8 (b), and age 9 (c). 3 The identification of fatal neurological peroxisomal disorders (Table 1) [8] [9] [10] encompassing dysfunction in the peroxisomal assembly (biogenesis) 10 or individual enzyme functions 8, 11 highlights the importance of peroxisomes for human health. Peroxisomes are also responsible for turnover of a number of proinflammatory mediators such as metabolite of arachidonic acid and thus participate in inflammatory disease, 11 and abnormality in very-long-chain fatty acid turnover by peroxisomes, such as in adrenoleukodystrophy, upregulates the expression of inflammatory mediators and thus inflammatory disease. 8 Therefore, once peroxisomal functions are affected, a self-amplification cycle perpetuates itself by further inhibiting peroxisomal functions, resulting in further amplification of the inflammatory cascade. Here we summarize the observations that dysfunction of peroxisomes leads to neuroinflammatory disease in childhood adrenoleukodystrophy and that neuroinflammatory disease in lysosomal disorders like globoid cell leukodystrophy (Krabbe disease) and inflammatory disease in cerebral palsy results in peroxisomal dysfunction and dysmyelination. Recent studies on the pathology of these disorders provide evidence that peroxisomal functions are essential for proper brain growth and development. [12] [13] [14] Childhood White Matter Diseases With Peroxisomal Dysfunction
X-Adrenoleukodystrophy
The most common peroxisomal disorder, Xadrenoleukodystrophy, is an inherited metabolic disease that affects the nervous system of boys during early childhood (cerebral form of adrenoleukodystrophy), the severe form of the disease, or early adulthood (adrenomyeloneuropathy), the mild form of the disease. 1, 8, 9 The affected gene encodes a peroxisomal membrane protein 15 that is a member of the ATP-binding cassette (ABC) family of transporters (ABCD1 or adrenoleukodystrophy protein) 16 whose function still is unclear. Consequence of the ABCD1 gene defect is the accumulation of straight, saturated very-long-chain fatty acids (those containing more than 22 carbons) in nervous and peripheral tissues and organs. 1 Biochemical analysis using cultured skin fibroblasts derived from patients with X-adrenoleukodystrophy demonstrated alteration in the degradation of those fatty acids by peroxisomal b-oxidation 17 and an enhanced elongation of fatty acids, an endoplasmic reticulum function. 18 Although the precise function of ABCD1 is not understood at present, the fact that transfection of ABCD1 into adrenoleukodystrophy fibroblasts normalizes the fatty acids levels suggests that ABCD1 is involved in the metabolism of very-long-chain fatty acids. 8, 9 However, lack of correlation between genotype and phenotype as identical mutations can induce the mild or the severe form of the disease, indicates that an additional genetic factor (modifier gene) may play a role in the progression of the disease. 19, 20 In addition to ABCD1, 3 other peroxisomal membrane transporters with sequence homology to ABCD1 (ie, ABCD2, 21 ABCD3, 22 and ABCD4 23 ) were also found in the peroxisomal membrane. Although these transporters share the ability to compensate/overlap functionality of ABCD1 deficiency in vitro under pharmacologic or genetic manipulations, [24] [25] [26] their in vivo compensation is an open question due to their differential developmental expression 27 as well as differential tissue expression. 28 Recently, a genetic study of sequence and segregation of the ABCD2 gene in a large adrenoleukodystrophy kindred has excluded this gene as a possible modifier locus for the observed clinical diversity in X-adrenoleukodystrophy. 29 The disease development in X-adrenoleukodystrophy is associated with the cytotoxic effect of the accumulation of very-long-chain fatty acids (metabolic disease) 30 and the subsequent triggering of an inflammatory cascade (inflammatory disease) 1, 8, 9 that ultimately leads to demyelination and loss of oligodendrocytes ( Figure 1D ). 3, 8 The observation of increased accumulation of very-long-chain fatty acids in inflammatory areas than in histological normal areas of X-adrenoleukodystrophy brain (3-folds; Table 2 ) suggests that inflammatory mediators in turn downregulate peroxisomes/peroxisomal functions, thus creating a perpetual inflammatory cascade. 31 These conclusions are consistent with excessive accumulations of very-longchain fatty acids in C 6 glial cells after treatment with proinflammatory cytokines. 32 In addition, the observed loss of plasmalogens in inflammatory areas of the cerebral form of adrenoleukodystrophy brain strongly indicates loss of peroxisomal function in those areas. 33 These data suggest a relationship between the expression of inflammation mediators, impairment of peroxisomal function, and accumulation of very-long-chain fatty acids in the cerebral form of adrenoleukodystrophy brain. 8 Although the expression of mediators of inflammatory disease in the cerebral form of adrenoleukodystrophy have been known since the 1990s, 9 the role of very-long-chain fatty acids in the induction of inflammatory disease eluded very many efforts. The absence of an inflammatory neurological disease in the adrenoleukodystrophy protein (Abcd1) knockout mouse, 34 and observed similar levels of very-longchain fatty acids in the cerebral form of adrenoleukodystrophy that express neuroinflammatory disease and adult form of X-adrenoleukodystrophy (adrenomyeloneuropathy) that does not express neuroinflammatory clinical disease, 9 even questioned the relationship of very-long-chain fatty acid accumulation to neuroinflammatory disease of X-adrenoleukodystrophy. However, recently we reported that silencing the peroxisomal transporters Abcd1 and Abcd2 expression in mouse primary cultures of astrocytes results in expression of inflammatory mediators by these cells. 35 We demonstrated that silencing of both genes induced oxidative imbalance (reactive oxygen species production), expression of enzymes of the eicosanoid pathway (5-lipoxoygenase, cycloxygenase-2), induction of inflammatory mediators such as cytokines (tumor necrosis factor a; interleukin-1b) and inducible nitric oxide synthase, and production of nitric oxide (Figure 2 ) as well as alteration of peroxisomal metabolism. 35 All these changes were downregulated by reducing the very-long-chain fatty acid load by treatment with a mixture of oleic acid (C18:1, n-9) and erucic acid (C22:1, n-9), components of Lorenzo's oil. 8, 35 This is the first study that clearly established a relationship between deletion of Abcd1 expression, excessive accumulation of very-long-chain fatty acids, and induction of neuroinflammatory disease. Moreover, silencing of Abcd3 also induced the expression of inflammatory mediators in C 6 cells. 36 These observations support the role of very-long-chain fatty acids in the observed Th1 response by peripheral blood mononuclear cells. 37, 38 Taken together, these studies indicate that cells exposed to or induced to accumulate very-long-chain fatty acids become prone to higher expression and release of inflammatory intermediates. Adrenoleukodystrophy protein knockout mice 34 do not express a clear phenotype of neurological disease process as observed in the cerebral form of adrenoleukodystrophy 39 ; however, they present a mild oxidative imbalance in spinal cord 40 and a mild phenotype of the disease later in life. 41 Understanding the difference between the human and animal phenotype may hold the key to understand the cause of the transition from metabolic to inflammatory disease in X-adrenoleukodystrophy.
Globoid Cell Leukodystrophy (Krabbe Disease)
Recent studies described the loss of peroxisomes/peroxisomal functions secondary to dysfunction of lysosomes in globoid cell leukodystrophy, 42,43 a genetic disorder caused by loss of activity of the lysosomal enzyme galactosylceramidase, 44 leading to accumulation of galactosylsphingosine (psychosine) in the nervous tissue 44, 45 and peripheral organs. 46 Psychosine-accumulation becomes cytotoxic especially for oligodendrocytes, resulting in early demyelination. 44 Studies using an animal model of globoid cell leukodystrophy (twitcher mouse) 47 and patients' postmortem tissues indicate that psychosine accumulation triggers an inflammatory process, inducing proinflammatory cytokines, 48 inducible nitric oxide synthase, 49 and an oxidative imbalance 43 in the central nervous system. Those intermediates ultimately exert a cytotoxic effect, inducing apoptotic cell death in oligodendrocyte, 50,51 glial activation, 52 and demyelination/ dysmyelination 53 as a mechanism of progressive neurodegeneration in this disease. Progression of inflammatory disease may be accelerated by impairment of peroxisomal function as a consequence of the action of proinflammatory mediators. Experimental evidence suggests that peroxisomal dysfunction during inflammation can be the consequence of 2 different mechanisms: inhibition of peroxisomal enzymes, 54,55 mediated by inflammatory intermediates such as nitric oxide and free radicals 56, 57 ; and inhibition of peroxisomal biogenesis, 55, 58, 59 mediated by downregulation of the transcription factor peroxisome proliferator-activated receptor a activity. 42, 60 Peroxisome proliferator-activated receptor a plays a role in inflammation control, 61 but how the progression of inflammation can affect its activity is unknown. Because psychosine accumulation induces an inflammatory process in nervous tissue, 48, 49 this event in turn likely leads to impaired peroxisomal structure and function during disease progression. Indeed, during postnatal development, we observed an increase in inflammatory mediator tumor necrosis factor a parallel to the decrease in peroxisome proliferator-activated receptor a and peroxisome proliferator-activated receptor-dependent peroxisomal protein expression (acyl-coenzyme A [CoA] oxidase-1 and alkyl-dihydroxyacetonephosphate synthase; Figure 3 ) and thus peroxisomal functions. 42, 43 Therefore, psychosinemediated induction of inflammatory disease downregulates peroxisomes, and the loss of peroxisomes, in turn, upregulates inflammatory disease. Hence, these events perpetuate inflammatory disease.
Periventricular Leukomalacia (Cerebral White Matter Injury)
Periventricular leukomalacia is the predominant form of brain injury and the leading known cause of neurodevelopmental impairments such as cerebral palsy and cognitive deficits in premature infants. 62, 63 The neuropathologic hallmarks of this disease are diffuse microglial activation 64 and focal and diffuse periventricular depletion of premyelinating oligodendroglia. 62, 65 Premyelinating oligodendroglia is highly vulnerable to death caused by glutamate, 66 free radicals, 67 and proinflammatory cytokines 65, 68 ; some common factors also described in the development and progression of adrenoleukodystrophy and globoid cell leukodystrophy disease.
We have induced periventricular white matter lesion in the forebrain of immature experimental animals by activating the innate immune system by administration of bacterial lipopolysaccharide to pregnant rats. 69, 70 ). 35 C, control; Scr, negative silencing (scrambled); GAPDH, glyceraldehyde 3-phosphate dehydrogenase; iNOS, inducible nitric oxide synthase; mRNA, messenger RNA; NS, nonsignificant; rRNA, ribosomal RNA. *P < 0.001, vs. control; ** P < 0.001, *** P < 0.001, @ P < 0.01, @@ P < 0.05, $ P < 0.05, $$ P < 0.01, $$$ P < 0.001 vs. Abcd1+ Abcd2 silencing. Under these conditions, we have reported a decrease in numbers of developing oligodendrocytes (determined by the cellular markers 04 þ and 01 þ ; Table 3 ) and in the number of platelet-derived growth factor a receptor and NG2 chondroitin sulfate proteoglycan immunoreactive oligodendrocyte precursor cells as well as in total content of platelet-derived growth factor a receptor during brain early development (embryonic days [18] [19] [20] . 69 Concomitant with the loss of oligodendrocytes, we observed alteration in myelination as decreased expression of myelin proteins levels (myelin basic protein) in the injured embryonic brains (Figure 4 ). 70 The recovery of cell number, plateletderived growth factor a receptor messenger RNA, and myelin basic protein levels in the central nervous system of animals pretreated with the antioxidant and glutathione precursor N-acetylcysteine indicate the role of oxidative imbalance in the depletion of oligodendrocyte precursor cells from embryonic brains ( Figure 4 ). 67, 69, 70 In addition, the presence of malondialdehyde, and 4-hydroxynonenal, and decreased levels of reduced glutathione in injured fetal brains that were corrected by N-acetylcysteine pretreatment supports previous reports that suggested induction of oxidative imbalance as a mechanism for oligodendrocyte depletion. 70 Similar to the reported effects of inflammation on peroxisomal functions, 42, 54, 55, 58, 59 the injured fetal brain from lipopolysaccharide-exposed mothers had significantly lower expression of peroxisomes measured as reduced level of peroxisomal enzymes for the synthesis of plasmalogens in peroxisomes (dihydroxyacetone phosphate acyltransferase), 70 peroxisomal membrane transporter Abcd3 (Pmp70), 22, 70 and expression of transcription factor peroxisome proliferator-activated receptor a. 70, 71 These changes in peroxisomes correlated with the low expression of myelin basic protein in the injured fetal brain ( Figure 5 ). 70 The messenger RNA expression and protein levels of all the indicated proteins were restored by N-acetylcysteine pretreatment ( Figure 5 ). Furthermore, cell culture studies demonstrated that lipopolysaccharide-stimulated glial cell (microglia/ astrocyte)-released factors induce negative effects on proliferation of oligodendrocytes progenitors [Bromodeoxyuridine (BrdU) uptake by NG2 proteoglycan positive (NG2 + ) cells], thus the development of prooligodendrocytes (04 þ ). 72 These altered functions were prevented by N-acetylcysteine pretreatment. 72 Again, messenger RNA expression and protein levels of peroxisomal protein Pmp70 were downregulated in the oligodendrocyte precursors (NG2 þ cells) as well as in developing oligodendrocytes [Receptor Interacting Protein positive (RIP + ) cells], 72 and, as expected, N-acetylcysteine pretreatment prevented changes in the expression and level of these proteins. 72 These observations indicate that loss of peroxisomes may interfere with maturation of oligodendrocytes (ie, brain myelination), 11 thus suggesting a role of peroxisomal biology in maturation of oligodendrocytes for white matter myelination and repair.
Summary
The causes of white matter disease vary and include inherited disorders of lysosomes and peroxisomes, hypoxia, and infection-mediated toxicities ( Figure 6 ). Inflammation seems to be common to many white matter disorders. In this review, we described the role of peroxisomes in the biology of oligodendrocyte progenitors and their differentiation into myelin-producing oligodendrocytes and, thus, myelination. Therefore, dysfunctions of peroxisomal biology observed in the described disease conditions may contribute, at least in part, to white matter disease. 
